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ABSTRACT 



The characteristics of imaging systems CID, CCD and 
VIDICON were investigated in terms of the contrast sensi- 
tivity and the spectral response in the near infrared 
region. The object distance of 83.5cm, the radiant flux 
density of 0.93 microwatts/cm^ and a black and white bar 
chart were used for the measurement of CTF. The spectral 
response was measured at 2520 °K using a tungsten light 
source. The CID image sensor has high sensitivity, 
resolving capability and spectral response at low light 
level comparing to the CCD or VIDICON. The limiting resolu- 
tion values of 23.0 line-pairs/mm for CCD and 28.4 line- 
pairs /mm for VIDICON, the cutoff wavelengths of 1.0 
micrometers for CCD and 0.94 micrometers for VIDICON were 
determined. The limiting resolution value and the cutoff 
wavelength for CID were much higher than those of CCD or 
VIDICON and lay outside the range of this experiment. 
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I. INTRODUCTION 



Infrared imaging systems can be used for medical diag- 
nosis, night vision, real-time aircraft reconnaissance, 
commercial TV broadcasting, military and other surveillance 
applications . 

In recent years, however, great effort has gone into the 
development of sensors to operate under extremely low illu- 
mination conditions for security and surveillance purposes 
and has also been pushing in the direction of extending the 
spectral responsivity into the infrared. 

A common problem in electro-optics is the detection and 
resolution of detail in the presence of noise. It is common 
practice to specify the resolving capability of an electro- 
optical imaging system in terms of the image of a black and 
white bar chart [Ref. 1: p.l09]. 

The Modulation Transfer Function(MTF) or the Contrast 
Transfer Function (CTF) characteristics are preferable ways 
of specifying TV camera tube resolution. The limiting reso- 
lution values for 100% contrast of target provide only a 
single point on the CTF characteristic curve which is the 
spatial frequency where the CTF has fallen to a value of 
three percent. With actual scene contrast values of 30 
percent, or less, the resolution is considerably reduced 
below that for 100% contrast [Ref. 1; p.201]. 

A VIDICON is the most widely used camera tube. The 
speed of response is somewhat less than that of most other 
types of camera tubes. The VIDICON utilizes an electron 
beam to scan a photoconductive target which is the light 
sensor. When a light pattern is focused on the photocon- 
ductor, its conductivity increases in the illuminated areas 
and the back side of the target becomes more positive. 
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The electron beam then reads the signal by depositing elec- 
trons on the positively charged areas thereby providing a 
capacitively coupled signal at the signal electrode. 

A charge- coupled device (CCD) is metal-oxide- 
semiconductor (MOS) type solid-state imaging device which 
requires no scanning beam. The charges, representing 
picture- element signals, are stored in potential wells under 
depletion-biased electrodes. The charges are transferred by 
applying a positive pulse to the adjacent electrodes. The 
whole image is transferred, in this manner to a storage 
raster during the vertical blanking period. Each horizontal 
line is then readout from the storage raster in sequence in 
a similar manner to provide the output TV signal. 

A charge-injection device (CID) image sensor employs 
intra-cell transfer and injection to sense photon-generated 
charge at each sensing site. The level of signal charge at 
each sensing site is detected during a line scan, and during 
the retrace interval, all charge in the selected line is 
injected. The injection operation is used to reset the 
charge storage capacitors after line readout has been 
completed. A video signal can be created by injecting the 
stored charge into the substrate (sequential injection) or 
by injecting in parallel at all sites in the addressed row 
(parallel injection). A performance and some characteris- 
tics of the imagers were described in detail [Ref. 2,3,4]. 

In this paper, the characteristics of TV camera tubes of 
CCD, CID and VIDICON type have been examined based on exper- 
imental measurements of contrast sensitivity and spectral 
response. A black and white bar chart, a tektronix 468 
digital storage oscilloscope, a spectrometer and a tungsten 
light source were used for these measurements. 
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II. THEORETICAL CONSIDERATIONS 



A. GENERAL 

The TV camera tubes are used to generate a train of 
electrical pulses which represent light intensities in an 
optical image focused on the tube. This section provides a 
general discussion and theoretical outline of CTF and spec- 
tral response in the near infrared region of three TV camera 
tubes . 

B. CONTRAST TRANSFER FUNCTION (CTF) 

The resolution is often described by the limiting line 
spacing on a bar chart which can be resolved in the image. 
The resolution performance of an imaging system can be meas- 
ured in terms of CTF, the square wave spatial frequency 
amplitude response, as function of spatial frequency. 

The CTF can be constructed by line analysis of a TV 
picture of the black and white bar chart. the CTF may be 
defined as the ratio of amplitude difference of the image 
output signal between the background and the dark bar to the 
sum of it which can be written as 

jnrpp _ Vmax- Vmin (eqn 2.1) 
Vmax- Vmin 

where Vmax is the maximum amplitude of the image output 
signal due to the bright background and Vmin is the minimum 
amplitude of the image output signal due to the dark bar. 

The consideration of noise and dynamic range will follow 
that of image spatial frequency. 

The image spatial frequency is found by calculating the 
object spatial frequency , fso> image magnification, m, 
defined as 
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fso= n/d 



(eqn 2.2) 



m = I/O (eqn 2.3) 

where 

n = number of line-pairs of object (line-pairs) 
d = width of object (mm) 

I = image distance from lens (mm) 

0 = object distance from lens (mm). 

Since the image distance must be determined by the 
object distance and the focal length of the lens, it can be 
written as 

j _ Of (eqn 2.4) 

0 - f 

for the thin lens, where f is the focal length of the lens. 

Substituting equation 2.4 back into equation 2.3 we get 
the image spatial frequency f^ as 

^ _ f _ nO _ n(0 - f ) (eqn 2.5) 

m Id f d 

This is shown geometrically in Figure 2.1 An important 
parameter affecting the amplitude of the image output signal 
is the noise of the imager since it determines the sensi- 
tivity of the device and greatly affects the dynamic range. 

The rms (root mean square) value of the noise may be 
approximated by the standard deviation value of the noise 
which can be determined from the measured samples of the 
individual fluctuation using the formula with grouped data 
given by Ref. 5 
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s 



(eqn 2.6) 



k 









N 2 



where 



n(n-l) 



/ 



s = standard deviation of the noise 
n = number of measured sample (sample size) 
X = class mark 
f = frequency of the sample. 




Figure 2.1 Geometry for Spatial Frequency. 

The rms noise determines the signal- to-noise ratio( SNR) 
and the dynamic range of the imaging system. 

An infrared imaging device records a signal that is 
proportional to the power on the detector for a thermal 
detector, and to the number of photons per unit time for a 
photon detector. 

The television video signal in every piece of practical 
television camera equipment contains a significant random 
fluctuation or noise current, and this noise current acts to 
limit picture quality, especially at low input light levels 
or at low scene contrasts. Since the eye can see contrasts 
only down to 3-5%, the apparent peak-to-peak noise envelope 
represents the ±3 o points of the noise pulse distribution 
where a is the standard deviation of the noise amplitude 
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distribution. Hence the rms noise current may be 
approximated as 1/6 the apparent peak-to-peak current enve- 
lope. Standard method of determining signal- to-noise ratio 
for television camera tubes is well described in Ref. 6 and 
showed in Figure 2.2 . 




Figure 2.2 Standard Method of Determining SNR. 

The maximum signal- to-noise ratio for television camera 
tubes is defined as the ratio of the peak-to-peak video 
signal to the rms noise, which can be written as 

SNR = 6(CE - DE)/CD . (eqn 2.7) 

The dynamic range which is closely related to the noise 
of the imager can be defined as the ratio of the image 
output signal difference to the minimum output signal. 

The maximum image output signal is obtained from the 
white background at just before signal saturation which 
depends on the aperture and on illumination of the chart. 
The minimum output signal is obtained from the dark bar at 
minimum aperture, F = 16. 
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The dynamic range then can be written as 



Vmax- Vmin (®qn 2.8) 

UK - • 

Vmin 

C. SPECTRAL RESPONSE 

The term spectral responsivity (R) is used to describe 
the spectral sensitivity of the camera tube and is the ratio 
of the output signal voltage at given wavelength to the 
incident signal power. 

Planck's law describes the spectral distribution of the 
radiation from a blackbody defined as the power radiated per 
unit wavelength interval at wavelength X by unit area of a 
blackbody at temperature so called "spectral radiant emit- 
tance" ; 



M (X,T) =2Trh^ 
bb ^5 



1 

exp(hc/XkT)-l 



which may be written as 



(eqn 2.9) 



«bb 

where 




1 

exp ( /XT) - 1 



(eqn 2.10) 



M ( X»T) = blackbody spectral radiant emittance 

) 

cm^ . y 

X = wavelength ( p ) 

T = absolute temperature (°K) 

h = Planck's constant = 6.6256 x 10- (W.sec^) 

c = velocity of light = 2.99793 x 10‘“ (cm/sec) 

k = Boltzmann's constant 

= 1.38054 X 10-2J (W.sec/°K) 
cl = 2TThc^ = 3.7415 X 10“ (WyVcm^) 

c2 = ch/k = 1.43879 x 10“ ( °K) . 

The absolute value of the spectral radiant emittance 
depends on the width of the spectral interval. The spectral 
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interval is determined by the diffraction grating slit 
width, deflection angle, number of slits and wavelength in 
the spectroradiometer shown in Figure 2.3. 



Grating 




Spectrometer ^ * Radiometer 



Figure 2.3 Elements of Spectroradiometer. 

A spectroradiometer measures the spectral distribution 
of radiant flux in which the spectrometer provides radiant 
flux at wavelength intervals and a radiometer measures this 
flux passed through the imager. The wavelength of the flux 
passing through the imager is varied by the rotation of the 
TV camera. 

The grating equation is needed to get the spectral 
interval which corresponds to the interval of two adjacent 
pixels (picture elements) in the camera tube. The well known 
grating equation for the normal incidence can be expressed 
as 



mx = a sin0„ 



(eqn 2.11) 



where 

m = order of image 

a = grating slit separation 

9jn= diffraction angle at order m. 
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Grating 







Pixels 



Figure 2.4 Diffraction Grating and Imager Array Pixels. 

The deflection angle 0 =0 is defined by the m = 0 
(zeroth order white light image). The grating separates the 
various wavelengths according to the angle of deflection. 
The deflection angle as shown in Figure 2.4, determines the 
spectral interval to provide wavelength interval. 

Differentiating the grating equation with respect to the 
deflection angle and setting m = 1 for the first order 
image, the wavelength interval is 

dA = a cos0d0 (eqn 2.12) 

where 9 is the angle of the imager from the undeflected 
m = 0 as depicted in Figure 2.4. Replacing dx byAX and 
d 0 by A0 we get spectral wavelength interval relation as 



Using the small angle approximation, the angular resolu- 
tion for the diode array can be defined by 



AX = a COS0 A0 , 



(eqn 2.13) 
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A0 



d 



(eqn 2.14) 



s 

where 

d = separation of two pixels 

s = distance between grating and array pixel. 
Substituting equation 2.14 back into equation 2.13, it 
becomes 

ad 

AX = — COS0 , (eqn 2.15) 

s 

This is the wavelength interval as function of deflection 
angle. The maximum resolvable spatial frequency is 1/2 the 
pixel frequency in horizontal or vertical direction for the 
diode array and 1/2 to 1 of the reciprocal of the diameter 
of scanning beam spot for VIDICON. So, the separation of 
two pixels can be approximated to the half maximum of the 
contrast transfer function using the horizontal scan. 

In pyrometry, one generally determines the brightness 
temperature of tungsten ribbon, that is the temperature of a 
blackbody with the same radiant intensity as the tungsten 
surface at a fixed wavelength. 

The relation between brightness temperature, color 
temperature and true temperature for a tungsten ribbon fila- 
ment lamp has been calculated based upon the emissivity of 
tungsten [Ref. 7]. The table including the luminance and 
various emissivity of tungsten was presented in Ref. 8 and 9. 

The brightness temperature is measured by the optical 
pyrometer and then converted into true temperature. The 
temperature used in this paper will represent the true 
temperature. The emissivity of the tungsten lamp at the 
wavelength and temperature must be multiplied by the spec- 
tral radiant emittance for a blackbody, M (X,T), to get the 

bo 

spectral radiant emittance for a tungsten lamp, M^^(X>T), 
which can be written as 
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M^^(X,T) = e(X,T) 



(eqn 2.16) 



At a point where two or more optical fields overlap, the 
resultant optical field is the vector sum of the constituent 
fields which is applied to the electric field strength of 
the wave. Diffraction is treated by application of the 
principle of the superposition as described above. The wave 
disturbance at point p is the sum of the waves from all 
parts of the aperture acting as secondary sources, each 
giving a field at p as 



0 = 



^0 ,(»/>- utl 

^ • 

P 



(eqn 2.17) 



This process was formalized in the Fresnel-Kirchof f theory 
and the equation 








"cos (n, r) - cos (n, p)"] 


)s pr 


2 J 



dS 



(eqn 2.18) 



was developed in Ref. 10. 




Figure 2.5 Geometry of Angle for Obliquity Factor. 

This Fresnel-Kirchof f diffraction equation contains the 
angular dependence in the last term which is the obliquity 

/\ /V X / ^ \ 

factor. Since n and p are parallel, the angle (n, p ) is 0 

A /V 

and (n,r) is q respectively. The geometry is shown in 
Figure 2.5. The obliquity factor then becomes 
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K(0) 



COS0 + 1 
2 



(eqn 2.19) 



In the system constructed as Figure 2.3, only the size 
of the signal pattern changes and not its shape by moving 
the TV camera because the lens makes it far field. So, the 
Fraunhofer diffraction theory is applicable for this system 
to get the flux density on the TV camera. Remembering that 
the flux density is proportional to the square of the field 
strength, the obliquity factor then must be included in the 
flux density distribution function for multislit diffraction 
as 



1 ( 0 ) 






s inB 
6 



^ 2 ^ sin Ng ^ 2 ^ cos 0__^^2 
sin a 2 



(eqn 2 . 20 ) 



where I is the flux density in the 0 =0 direction which is 
equal to I(0)/N*, a = it a sin0/x and 0 = tt b sin0/x with 
refractive index of air equal to 1 . 

The flux density in the zero deflection angle passing 
through the filter is proportional to spectral radiant emit- 
tance of the light source and the transmittance of the 
filter which can be written as 



Io“ T(X) (eqn 2.21) 

where 

Mt^X>^) = spectral radiant emittance of tungsten 
T(X) = transmittance of the slab (IR filter). 

As we concentrate on the first order image, the prin- 
cipal maxima occuring m = 1 or equivalently a = it will be 
introduced in equation 2.20 . The factor (sin Na /N sin^ )^ 

is 1 at the principal maxima where a = mir , (m = 

0,1, 2, 3, ). Thus we can treat (sin Not /N sina ) a 

constant of 1. Substituting the equation 2.21 into the 

equation 2.20 we get the relative irradiance at any deflec- 
tion angle as 
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(eqn 2.22) 



1(0) = ( £AhP)2( Cos0 +1 ^2 

B 2 

Finally, the relative spectral responsivity of 
camera is obtained by the ratio of the output signal 
spectral irradiance formulated as 



V 



R — — 

Mtt(X,T)T(X)( ^^g^ AX 

where V is the signal output of the TV camera image. 



the TV 
■ to the 

2 . 23 ) 
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III. EXPERIMENTAL MEASUREMENTS AND RESULTS 



A . EXPERIMENTAL APPARATUS 

The experimental apparatus for this investigation 
consisted of three kinds of imaging devices, a Tektronix 468 
Digital Storage Oscilloscope, an optical pyrometer and a 
grating spectrometer. The imaging devices required to 
conduct the performance measurement of the contrast sensi- 
tivity and spectral response were Charge Injection Device 
(CID) , Charge Coupled Device (CCD) and VIDICON. 

The Olympus lens having focal length of 50mm and F 
numbers of between 1.4 and 16 was used with these imagers. 

The CCD compact solid state black and white TV camera 
consisted of solid state single chip image sensor, elimi- 
nating the pick-up tube and coil assembly. The built-in 
automatic control circuit produces the clear picture for low 
contrast such as Automatic Black Clamp circuit and Automatic 
Gain Control. This CCD (Model: Panasonic WV-CDIO) has a 
scanning area of 6,6 x 8 . 8mm^ and 525 scanning lines. 

The CID manufactured by General Electric Co. (4 TN 2505) 
and the VIDICON manufactured by CCTV corporation (CTC-2200) 
were used for the other two imagers, but their specifica- 
tions are unknown. 

A resolution chart was used for the object of these 
imagers. The pattern of this resolution chart was the 
alternating black and white bar having both horizontal and 
vertical bars. The image spatial frequency (line-pairs/mm) 
depends on the object distance from the lens as discussed in 
section II. 

A Tektronix 468 Digital Storage Oscilloscope (DSO) was 
used to measure the output signal amplitude of the TV camera 
in conjunction with a TV monitor and the image of the TV 
camera was displayed on TV monitor. The TV camera signal 
was sent to 468 DSO to display the amplitude of the signal. 
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The 468 DSO has a digital storage circuitry for the acquisi- 
tion of signals and displays the acquired signal with a 
bright, flicker- free trace. 

For the measurement of spectral response of the imager, 
an optical pyrometer (8630 series), a tungsten ribbon fila- 
ment lamp, a spectrometer, a diffraction grating( 10000 
lines /inch) and a 468 DSO were set up. 

Figure 3.1 shows a block diagram of the experimental 
set-up used for the measurement of spectral response in the 
near infrared wavelength region. 



IR Filter Grating 



Tungsten 

lamp 





Figure 3.1 Spectral Response Measurement Set-up. 

An optical pyrometer (Model : 8632-C) was used to measure 
the brightness temperature of the tungsten light source. 
The brightness temperature could be measured at three ranges 
775-1225 °C, 1075-1750 °C and 1500-2800 °C which can be 
converted into true temperature as described in section II. 
The brightness temperature was measured by matching the 
brightness when the filament appears to merge with or disap- 
pear into the image of the hot object. The true temperature 
of 2520 °K was used for the spectral response measurement 
and comparison of all three TV cameras which is the maximum 
temperature to get the maximum intensity without saturation 
for the most sensitive camera, CID. 
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WAVELENGTH (MICRONS) 



In the spectrometer, the telescope was removed and 
replaced with camera and lens . The camera needs to see the 
spectrum lines at various angles to get the intensity- 
distribution by rotating. The infrared filter and the 
diffraction grating are fixed close together normal to the 
incident light. An infrared filter was used to remove the 
visible light which produces the second order visible spec- 
trum on top of the first order spectrum of infrared region. 
Its transmittance curve was presented in Figure 3.2. The 
adjustable supporting plate for the TV camera was attached 
in place of the telescope. The spacing from the grating to 
the camera lens was 21.3 cm. 

The image signal is sent to the TV monitor and then to 
the 468 DSO to measure the TV spectral response at each 
deflection angle. The measured angle corresponds to a 
particular wavelength of the spectrum. The TV camera views 
a portion of the spectrum at each angle. The voltage read- 
ings are taken at the center of the viewing area, i.e. at 
the center of the horizontal scan. 

B. CONTRAST SENSITIVITY 

1. Signal- to -Noise Ratio ( SNR ) 

Usually the SNR is expressed in decibels in terms of 
the noise in a particular wavelength. There are various 
sources of noise which interfere with the precise measure- 
ment of the signal current. The primary temporal noise 
sources in imagers are amplifier noise, capacitor reset 
noise and dark current noise. 

The noise of all TV cameras was measured based on 
this primary noise neglecting the noise of the 468 DSO since 
it was negligibly low comparing to the imager noise. 

To get the noise without a signal, the lens of the 
camera is covered. This noise signal is displayed and digi- 
tized on 468 DSO. The digitized noise is measured with 300 
samples for each camera to get rms value of the noise. The 
rms noise was calculated by standard deviation value to be 
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8.85mV for CID, 12.97mV for VIDICON and 33.05mV for CCD. 
These noise pictures are presented in Figure 3.3, 3.4 and 
3.5 with the amplitude of 50mV per division. Two tungsten 
lamps, controlled by a Variac, were used for the light 
source and white background of the resolution chart was used 
to get the maximum output signal. One of the most important 
factors varying the output signal is the flux density. The 
flux density (microwatts/ cm^ ) of the incident light on the 
camera was measured using a silicon pin photodiode 
(Model : PIN- lOD) . A silicon pin photodiode placed on the 
camera lens looking at the object sensed the incident light. 

The signal and the noise were measured by the stan- 
dard method as discussed in section II. The maximum signal 
was obtained by the maximum intensity of light at just 
before saturation of the white background signal on the 
oscilloscope. Then the maximum SNR was determined with the 
help of equation 2.7 and it may be expressed in decibels by 
taking 10 log(SNR). The calculated maximum SNR at F=1.4 was 
tabulated in Table I where Vw is the signal due to the white 
background and Vb is the signal due t o the bl ack bar. 




Figure 3.3 Noise without a Signal (50mV/div) : CID. 
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Figure 3.4 Noise without a Signal (50mV/div) : CCD. 




Figure 3.5 Noise without a Signal (50mV/div) : VIDICON. 
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TABLE I 

MAXIMUM SIGNAL-TO-NOISE RATIO 



TV 

cameras 


Flux density 
on pin diode 
(yw /cm^) 


Vw - Vb 
(mV) 


Maximum SNR 
(decibels ) 


CCD 


2.17 


360 


15.14 


VIDICON 


5.02 


440 


20.08 


CID 


0.43 


460 


21.93 



2 . Dynamic Range 

The dynamic range is greatly affected by the imager 
noise since it determines the sensitivity of the device. Two 
aperture sizes and the minimum irradiance are required for 
this measurement. 

For the first step, the minimum aperture size 
(Fl=16) of the lens and the minimum irradiance of the tung- 
sten light source were set to be able to see the minimum 
resolvable image on the TV screen. The output voltage was 
measured then at this condition on 468 DSO which is the 
minimum. The maximum output voltage was measured at F2 
where the signal output begins to saturate. This was done 
by increasing the aperture size up to that limit. The irra- 
diance of the tungsten light source, however, kept fixed. 

TABLE II 

DYNAMIC RANGE COMPARISON 



TV 

cameras 


FI 


F2 


Vmin , 
at FI (mV) 


Vmax-Vmin 
at F2UV) 


Dynamic 

Range 


VIDICON 


16 


1.4 


185 


330 


1.78 


CCD 


16 


2.5 


90 


340 


3.78 


CID 


16 


1.4 


60 


435 


7.25 



Finally, the dynamic range is determined by the 
ratio of the output voltage difference at FI to the minimum 
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output voltage at F2 as expressed in equation 2.8 . The 
output voltage difference is the difference between the 
maximum due to the background and the minimum due to the 
black bar of the resolution chart. 

The F numbers making the signal saturation may be 
different for each camera because their contrast sensitivi- 
ties are different. The resulting values are compared and 
tabulated in Table II. 

3 . Linearity 

The study of linearity of TV camera can be useful 
for the signal proportionality to the incident light and for 
the device behavior. 

The storage mode of 468 DSO was used to measure the 
mean amplitude of the charge signal and the maximum value of 
that signal by the irradiance of the tungsten light source 
at each F number. 

The object distance of 40cm and the radiant flux of 
4.46 microwatts were used to get the most reasonable data 
for the output signal comparison of the three cameras. 

Since the entrance pupil diameter of the lens is the 
focal length per F number, the area of the entrance pupil is 
inversely proportional to the square of the F number. Hence, 
the linearity of the TV camera signal can be obtained form 
the maximum signal output as function of the entrance pupil 
area. The maximum signal output was measured in the same 
manner as in the dynamic range at each F numbers . The 
measured data were plotted in Figure 3.6. 

The linearity of TV camera signal can be obtained 
only at certain region of the aperture that is F number of 
16 through 9 for these three cameras. The output signal is 
nearly constant below the F number of 9. The linearity for 
the TV camera signal was presented in Figure 3.7. 
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MAXIMUM OUTPUT VOLTAGE (MV) 

100 160 200 250 300 350 400 
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Figure 3.6 The Maximum Output Voltage vs F Number. 
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Figure 3.7 Linearity of TV Camera Signal. 



4. Contrast Transfer Function ( CTF ) 



It is preferable to measure the resolution perform- 
ance of camera tubes in terms of CTF characteristics. 
Contrast here is defined as the ratio of the image differ- 
ence in luminance between the dark bar and its background to 
the luminance of the background. 

A black and white bar chart was constructed for the 
object of the TV camera to get the square wave spatial 
frequency amplitude response making the object distance of 
83.5cm and the flux density of 0 . 93microwatts/ cm* for all TV 
cameras used in this research. Only the F number was 
different because of different resolution limit which was F 
=4.0 for CID, F = 1.4 for both CCD and VIDICON. 

The bar chart having 12 different elements was used 
to scan horizontally and vertically together and their 
object spatial frequency range was 0 through 2.0 line-pairs/ 
mm. The image spatial frequency range at the object 
distance of 83.5 cm was calculated to be 0 through 31.4 
line-pairs/mm with the help of equation 2.5. 

The image output signal was measured from 468 DSO 
moving the chart to get the CTF at equal luminance keeping 
the tungsten light source and TV camera fixed. The measuring 
point of CTF was controlled manually by either positioning 
the center of image to the center of oscilloscope or to the 
center of TV monitor. 

In measurement of the CTF, the maximum output signal 
was measured by the background portion and the minimum 
output signal by the dark bar of an element. The maximum 
output signal was reduced while the minimum value increases 
as the spatial frequency of the element increases. The CTF 
for each resolution element was calculated with these meas- 
ured output signals using the equation expressed in section 
II. The measured CTF curves were plotted for both hori- 
zontal and vertical scan in Figure 3.8 through 3.10 as a 
function of image spatial frequency. The resolving 
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CONTRAST TRANSFER FUNCTION 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 



capability at the scene contrast values for each camera may 
be detennined from the CTF curves . 



o 




SPATIAL FREQUENCY (LINE-PAIRS/MM) 

Figure 3.8 CTF for CID at F=4.0 and 0=83.5 cm. 
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CONTRAST TRANSFER FUNCTION 
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SPATIAL FREQUENCY (LINE-PAIRS/MM) 

Figure 3.9 GIF for CCD at F=1.4 and 0=83.5 cm. 
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CONTRAST TRANSFER FUNCTION 
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Figure 3.10 CTF for VIDICON at F=l,4 and 0=83.5 
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C. SPECTRAL RESPONSE 



1 . Spectral Radiant Emittance 

Planck's blackbody function provides a good approxi- 
mation of the true radiation of a tungsten filament lamp in 
the range of visible sensitivity, but outside the visible 
range the approximation is less accurate because of varia- 
tions in the emissivity of tungsten with the temperature and 
wavelength. Emissivity is a function of the type of material 
and its surface finish and it can vary with wavelength and 
with temperature of the material. In this paper, the spec- 
tral radiant emittance is evaluated by use of tungsten emis- 
sivity data. 

The analysis of TV camera spectral response was 
started with the measurement of brightness temperature of 
the tungsten filament light source using the optical pyrom- 
eter. The measured brightness temperature was converted into 
the true temperature with the help of table presented in 
Re f . 8 . 

As the emissivity depends on both the temperature 
and the wavelength, the wavelength of spectrum must be meas- 
ured in addition to the temperature. 

TABLE III 

THE VISIBLE LINES IN THE SPECTRUM OF A MERCURY ARC 



Color 


Wavelength 
(angstroms ) 


Deflection angle 
(degrees ) 


Violet 


4047 


9.231 


Blue 


4358 


9.947 


Bluegreen 


4916 


11.237 


Green 


5461 


12.501 


Yellow 1 


5770 


13.221 


Yellow 2 


5791 


13.270 



A diffraction grating (10000 lines/inch) was used to 
obtain the spectrum. A mercury arc was used for the light 
source with the spectrometer to calibrate the grating. The 
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wavelength of the six visible lines and corresponding 
deflection angle in the first order image to be used are 
presented in table III [Ref. 11]. 

The actual grating slit separation (a) was deter- 
mined to be 2.523 micrometers with the help of equation 2.11 
and the table III. A He-Ne laser (632.8 nm) was used on the 
spectrometer for the light source to determine the slit 
width. The flux density 1(0) and 1 (g) were measured passing 
through the grating and the television camera. The slit 
width then was determined to be 2.085 micrometers using the 
equation 2.20 . 

The emissivity of the tungsten lamp was determined 
from the table presented in Ref. 9. The emissivity versus 
wavelength was presented in Figure 3.11 for the temperature 
of 2520 °K. The blackbody spectral radiant emittance was 
calculated in the near infrared region (0.7-1. 5 micrometers) 
at 2520 °K and plotted in Figure 3.12. The tungsten spec- 
tral radiant emittance was determined by multiplying the 
blackbody spectral radiant emittance by the emissivity of 
tungsten as shown in Figure 3.13. 

2. Responsivity of TV Camera 

The spectral responsivity of an imager provides the 
response to the radiant flux in a very narrow spectral band 
centered about any desired wavelength. One way of 
describing the spectral response of an imager is to plot its 
relative response as a function of wavelength for a constant 
radiant flux per unit wavelength. The flux density and the 
responsivity determined in this paper are the relative 
values . 

The light from the tungsten filament lamp was 
focused on the entrance of the collimator and the beam from 
the collimator fell normally on the infrared filter. The 
light which passed through the filter was incident on the 
diffraction grating which separated it into its spectral 
components . 
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The TV camera and lens were positioned on the zero 
order line to determine the 'zero' angle of the grating 
spectrometer with the zero order image in the center of the 
display monitor and the 468 DSO. The TV camera was then 
rotated into first order spectrum in the near infrared 
region. The measured deflection angle was converted into 
the wavelength using equation 2.11 and plotted in Figure 
3.14. The output signal was measured in millivolts from 468 
DSO in the near infrared region. The curve was plotted in 
Figure 3.15. 

The array pixel separation (d) in the camera is 
obtained from the image spatial frequency at half maximum 
value of horizontal scanned CTF for each camera. The 
resulting values are 0.1124 mm for CID, 0.1031 mm for CCD 
and 0.1045 mm for VIDICON. The distances from grating to 
pixel was 26.3cm (Fig 2.3). This value will be used for 
determination of wavelength interval. 

Finally, the responsivity of TV camera is calculated 
with the help of equation 2.23. The resulting curves were 
presented in Figure 3.16. 
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WAVELENGTH (MICRONS) 

Figure 3.11 Tungsten Lamp Emissivity (T=2520 °K). 
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Figure 3.12 Blackbody Spectral Radiant Emittance (T=2520 °K). 
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Figure 3.15 Signal Output vs Wavelength. 
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IV. CONCLUSIONS 



From the survey of three TV cameras, the following 
general conclusions can be drawn. 

1) The limiting resolution values for horizontal scan 
corresponding to a CTF of three percent were deter- 
mined to be 23 line-pairs/mm for CCD, 28.4 line-pairs/ 
mm for VIDICON and its value for ClD could not be 
determined, but was much higher than these values. 

2) The solid-state imager CID is a more sensitive device, 
having relatively lower noise and higher dynamic range 
than the CCD or ViDICON. The CID has high capability 
of resolution at the actual scene contrast values or 
30 per cent, or less. Thus, the CID is more appro- 
priate for low light level applications compared to 
the other two imagers. 

3) Compared to the VIDICON or CID, the CCD has better 
resolving capability at the scene contrast values of 
50 per cent, or more. 

4) The resolution and the contrast sensitivity of an 
imager are greatly affected by the radiant flux. 

5) The spectral response for CID is much broader than the 
other imagers and extends into the entire near 
infrared with response of 134 cm.mV/W at 1.2 microme- 
ters . 

6) The cutoff wavelengths were determined to be 1.00 
micrometers for CCD and 0.94 micrometers for VIDICON, 
but both were much shorter than that of CID. 

7) It is recommended that a resolution chart with larger 
scale be used than the object spatial frequency or 5 
line-pairs /mm to get more accurate CTF curve at the 
low image spatial frequency region. 
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